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Table 1. Resume of AVP immunoreactivity of the mouse hypothalamus and neurohypophysis 
during fetal and postnatal development 


Age (days) 


Hypothalamus 



Neurohypophysis 

SON 

RCN 

PVN 

SCN 

Acc. 

ME 

f.l. e.l. 

PN 

Fetal age 

14 

+ 

+ 

- 

- 

- 

- 

- 

- 

15 

+ 

+ 

+ 

- 

± 

+ 

- 

+ 

16 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

17 

+ + 

+ + 

+ 

± 

+ + 

+ + 

+ 

+ + 

18 

+ + 

+ + 

+ 

± 

+ + 

+ + 

+ 

+ + 

Postnatal age 

2 

+ + 

+ + 

+ + 

+ 

+ + 

+ + 

+ + 

+ + 

14 

+ + + 

+ + + 

+ + + 

+ + 

+ + 

+ + + 

+ + 

+ + + 

30 

+ + + 

+ + + 

+ + + 

+ + 

+ + + 

+ + + 

+ 

+ + + 

90 

+ + + 

+ + + 

+ + + 

+ + 

+ + + 

+ + + 

+ 

+ + + 

Staining intensity 

was arbitrarily graded as: 

— , none; 

T, weak; + + , 

moderate; 

+ + + , 

intense. 


Abbreviations: SON, supraoptic nucleus; RCN, retrochiasmatic nucleus; PVN, paraventricular nucleus; 
SCN, suprachiasmatic nucleus; Acc., accessory nuclei; ME, median eminunce; f .1. , fiber layer; e.l., 
external layer; PN, pars nervosa. 

Accessory nuclei are consisted of the anterior commissural nucleus, nucleus circularis, and anterior and 
posterior fornical nuclei. 



Fig. 2. Frontal sections of the right supraoptic nucleus during development. Stained with anti-AVP serum, a, FA 
15; b, FA 18; c, PA 14; d, PA 90. OC, optic chiasma. Bar: 50 fim. 
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neurons in the RCN was more than in the SON. 
There was no AVP immunoreactivity in other 
nuclei of the hypothalamus. 

On FA 15, the AVP immunoreactivity of the 
SON and RCN neurons became apparent, though 
the stainability was still weak (Figs. 2a and 3a). 
Each cell nucleus was enclosed in a thin rim of 
cytoplasm. There were some neurons which did 
not completely settle in the SON. A few neurons 
in the PVN and internuclear magnocellular (acces- 
sory) nuclei between the SON and PVN became 
first stainable on this day. But no immunoreactive 
material was detected in the SCN. 

AVP immunoreactivity in the PVN on FA 16 
was almost the same as that on FA 15 (Fig. 4a). 
Weak AVP immunoreactivity was first detected in 
the SCN in one of five FA 16 fetuses. Adult-type 
partition of immunoreactive neurons in the RCN 
into medial and lateral groups was observed as 


early as this fetal day. 

Immunostainability of the SON and RCN 
neurons increased on FA 17 (Table 1). The SCN 
neurons were only weakly stainable with the anti- 
serum in three fetuses on FA 17 (Fig. 5a). 

On FA 18, many neurons in the SON and RCN 
accumulated the AVP-immunoreactive material in 
their cytoplasmic rim. Axonal fibers from the 
neurons with the bead-like deposits were encoun- 
tered in these nuclei (Figs. 2b and 3b). 

Numbers of immunoreactive neurons (Fig. 8). 
During the fetal life, magnocellular neurons in the 
SON, RCN and PVN did not grow as large as 
those of the adult. The number of immunoreactive 
neurons generally increased during the gestation 
period. In the SON and RCN, the number of 
AVP-immunoreactive neurons rapidly increased 
between FA 14 and FA 18. More immunostained 
cells were counted in the SON than in the RCN, 



Fig. 3. Frontal sections of the right retrochiasmatic nucleus during development. Stained with anti-AVP serum, a, 
FA 15; b, FA 18; c, PA 14; d, PA 90. Arrows show the weakly AVP-immunoreactive neurons. IIIV; third 
ventricle. Bar: 200 ^m. 


Fig. 4. Frontal sections of the right paraventricular nucleus during development. Stained with anti-AVP serum, a, 
FA 16; b, PA 2; c, PA 14; d, PA 90. IIIV, third ventricle. Bar: 50 /um. (in page 1025) 
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Fig. 6. Frontal sections of the median eminence during development. Stained with anti-AVP serum, a, FA 15; b, 
FA 18; c, PA 14; d, PA 90. Arrows show the AVP-immunoreactive axonal termini in the external layer of the 
median eminence. IIIV, third ventricle; PT, pars tuberalis; bv, blood vessel. Bar: 50 fim. 


except on FA 14. In comparison with these nuclei, 
the numbers of immunoreactive neurons in the 
PVN, SCN and accessory nuclei showed a slight 
increase during the fatal life. 

Development of the neurohypophysis . With the 
maturation of AVP-producing neurons, stainabil- 
ity of the ME and PN was also enhanced. AVP 
immunoreactivity was first detected on FA 15 in 
the ME and the peripheral edge of the PN (Figs. 
6a and 7a). AVP-immunoreactive axonal termini 
in the external layer of the ME first appeared on 
FA 18 (Fig. 6b). Immunoreactive area in the PN 
indicated the preferential peripheral localization at 
the early stage of development (Fig. 7ab), and it 
gradually expanded to the central area. However, 
even on FA 17 and 18 strong immunoreactivity was 
confined to the peripheral area (Fig. 7cd). 


Postnatal life 

Development of the hypothalamus. After birth, 
the maturation of magnocellular neurons in the 
SON, RCN and PVN further advanced. The cells 
were hypertrophied and became oval in shape. 
The hypertrophy was generally accompanied by 
the accumulation of AVP-immunoreactive mate- 
rial (Figs. 2cd, 3cd and 4d). 

On PA 2, immunoreactive area of the PVN 
became triangular in shape like that of the adult. 
With the rapid increase in the number of im- 
munoreactive cells in the PVN between PA 2 and 
PA 14, stainability of the cells also increased (Fig. 
4bc). 

In the parvocellular SCN the increase in AVP 
immunoreactivity occurred mainly during postna- 


Fig. 5. Frontal sections of the right suprachiasmatic nucleus during development. Stained with anti-AVP serum, a, 
FA 17; b, PA 14; c, PA 30; d, PA 90. Arrows show the weakly AVP-immunoreactive neurons. OC, optic 
chiasma. Bar: 50 //m. (in page 1026) 
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Fig. 7. Frontal sections of the pars nervosa (PN) during fetal development. Stained with anti- A VP serum, a, FA 15; 
b, FA 16; c, FA 17; d, FA 18. Arrows show the AVP-immunoreactive area in the periphery of the PN. Weak 
non-specific reactivity is seen in the pars intermedia (PI) and pars distalis (PD). Bar: 50 //m. 



Fig. 8. Total number of AVP-immunoreactive neurons in the mouse hypothalamus during fetal and postnatal 
development. Vertical bars indicate the standard errors of the means. The number of animals was five in all age 
groups. For abbreviations, see the footnotes of Table 1. 
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tal development (Table 1). Adult-like distribution 
consisted of the dorso-medial and ventro-lateral 
groups was seen on PA 30 (Fig. 5c). Many 
neurons were weakly stained with the antiserum 
(Fig. 5d). 

Bead-like structure of immunoreactive axons 
became more frequently encountered in the vicin- 
ity of the neurons as the accumulation in the 
perikarya proceeded. For example, the axons 
containing AVP-immunoreactive material were 
found in the PVN and SCN (Fig. 5b) on PA 2 and 
PA 14, respectively. 

Most of the neurons of the accessory nuclei were 
strongly immunoreactive to anti- AVP serum after 
birth (Table 1). 

Numbers of immunoreactive neurons (Fig. 8). 
The numbers of AVP-immunoreactive neurons in 
the RCN and accessory nuclei were stable after PA 
2. The numbers in the SON and PVN continued to 
increase until PA 14 and maintained the level of 
PA 14 thereafter. However, there was a marked 
difference in the number of AVP-immunoreactive 
neurons between the SON and PVN. On the other 
hand, the number of immunoreactive neurons of 
the SCN continued to increase until PA 90. 

Development of the neurohypophysis. AVP im- 
munoreactivity in the fiber layer of the ME and the 
PN on PA 14 was stronger than on PA 2, but after 
PA 14 it was almost constant (Table 1). Postnatal 
development of the external layer of the ME was 
marked (Fig. 6c). Many AVP-immunoreactive ax- 
ons with the bead-like deposits grew out from the 
fiber layer down to the external layer of the ME, 
and their termini were settled on the primary 
capillary plexus (Fig. 6d). AVP immunoreactivity 
in the external layer of the ME has decreased 
concomitantly with the development of the ME 
(Table 1). 

DISCUSSION 

Several investigators have reported the develop- 
mental changes of neurons in the hypothalamic 
nuclei by means of [ J H]-thymidine autoradiogra- 
phy [28, 29]. In the rat, Ifft [28]* showed that the 

* Fetal ages in the cited paper were rearranged for 
convenience of comparison with the present study, so 
that the day when vaginal plug was observed was 
designated as FA 0. 


neurons of the SON became visible between FA 11 
and FA 15, those of the RCN between FA 11 and 
FA 17, those of the PVN between FA 11 and FA 
16, and those of the SCN between FA 11 and FA 
17 in the matrix layer surrounding the third ventri- 
cle. On the other hand, in the mouse of which 
gestation period is about two days shorter than 
that of the rat, Okamura et al. [29] reported the 
time of origin of AVP-producing neurons by com- 
bined technique of immunocytochemistry and 
autoradiography. According to their results, 
AVP-producing neurons in the SON and PVN 
seem to differentiate between FA 10 and FA 12. 
In the SCN the neurons proliferate between FA 10 
and FA 14, and most of them appear to be 
produced in the latter half of this period. After the 
final division in the matrix layer, hypothalamic 
neurons migrate to occupy the final loci within 24 
hr [30]. In addition, Altman and Bayer [31] 
suggested that there is a general lateral-to-medial 
internuclear differentiation gradient of the 
hypothalamic neurons. 

In the present study, AVP-immunoreactive 
neurons were first detected on FA 14 in the SON 
and RCN but not in other nuclei of the mouse 
hypothalamus. Evidently, there was a time lag 
between the stage of neuronal proliferation and 
the stage of AVP synthesis. Since we could not 
observe immunoreactivity in the neurons migrat- 
ing to the SON and RCN, the settlement of cells in 
the final loci may have some positive effects on the 
initiation of AVP synthesis. Silverman et al. [32], 
however, reported that on FA 13 some presump- 
tive SON neurons synthesized the AVP carrier 
protein, neurophysin, while they were still migrat- 
ing. Because of the limit of sensitivity of im- 
munocytochemical reaction, it is possible that 
there was an earlier onset of AVP synthesis in the 
hypothalamic neurons and/or that many more cells 
contained subdetectable levels of AVP. In fact, a 
very small amount of AVP was detected by 
radioimmunoassay in the mouse brain on FA 13 
(our unpublished observation). If immunocy- 
tochemistry using antibodies to the hormone pre- 
cursor or autoradiography using the labelled oligo- 
nucleotide probe to AVP messenger RNA was 
performed, the time of cytodifferentiation of AVP 
neurons might be found at earlier embryonic life. 
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Magnocellular neurons developed rapidly dur- 
ing the fetal life. Especially in the SON and RCN, 
the number of AVP-immunoreactive neurons in- 
creased linearly during the fetal life and reached 
the adult level on PA 2. On the other hand, the 
PVN appeared to develop later than the SON and 
RCN, although the number of AVP- 
immunoreactive neurons of the PVN reached the 
adult level on PA 14. These results are consistent 
with the previous studies [21, 22, 32]. Since the 
neurons of the SON, RCN and PVN cease to 
divide and start migration almost at the same time 
[28, 29, 31, 33], it needed to be clarified why the 
SON and RCN neurons should be so advanced in 
increasing their numbers. The SCN neurons be- 
came immunoreactive in one animal on FA 16. 
The later accumulation of AVP in the parvocellu- 
lar neurons may be related with their late with- 
drawal from the mitotic cycle as compared to the 
magnocellular neurons [28, 29, 31, 33]. This delay 
might imply a less significant physiological import- 
ance of the SCN than the SON, RCN and PVN 
during perinatal period. Because parvocellular 
neurons are known to project their axons to the 
forebrain and brain stem [7, 8], but not to the PN 
and ME, they may not be related to the regulation 
of water and electrolyte metabolism. It is likely 
that AVP in the SCN neurons begin to function as 
a neurotransmitter after birth, concomitant with 
their increase in AVP immunoreactivity. 

The adult-type distribution pattern of SON 
neurons completes during fetal life, that is, more 
AVP neurons are present in the caudal region of 
the SON than the rostral region. This particular 
distribution pattern has also been shown in the rat 
[34]. 

The occurrence of bead-like deposits along the 
axons implies the active transport of neurosecre- 
tory material from the hypothalamus to the PN 
and ME. After birth, many large-sized deposits or 
Herring bodies could be observed in the axons of 
the hypothalamo-neurohypophysial tracts. Axonal 
outgrowth from the PVN neurons also occurred 
relatively quickly after the appearance of im- 
munoreactivity in the perikarya. AVP-immuno- 
reactive cell bodies were encountered in the SON 
and PVN on FA 15, and their termini in the 
external layer of the ME, which recieves projec- 


tions of AVP-immunoreactive fibers almost exclu- 
sively from the PVN [11, 12], were detected on FA 
18. 

Immunoreactive axons were first observed in the 
peripheral area of the PN on FA 15. The age of 
the fetus at which AVP-immunoreactive axons 
were first detected in the present study was older 
as compared with the result using neurophysin 
immunocytochemistry by Silverman et al. [32]. 
The findings in the present study were in harmony 
with those by Eurenius and Jarskar [17] in that 
small fiber bundles were found in the PN, primari- 
ly in the region bordering the intermediate lobe on 
FA 14. Their data suggest that axonal outgrowth is 
initiated at least in some cells very shortly after 
their arrival at the presumptive locus of the 
hypothalamic nuclei (the arrival is between FA 13 
and FA 14). Our results seem to show that the 
transport of the AVP begins after the projection of 
axonal termini reaches the PN. At present we 
don’t know how long the time lag for the transport 
of AVP from the perikarya to the termini last, but 
if it is very short, then it is possible that the 
hormone is present in the growth cone, the very 
front of the axonal growth. Previous studies 
suggested that the fetal PN is a heterogeneous 
structural entity and that there are distinct territor- 
ies for ingrowing fibers [17, 32]. Present observa- 
tions also demonstrated that in the fetal PN AVP- 
immunoreactive axons were exclusively present in 
the peripheral area. The fact that the central area 
of the developing PN was occupied by proliferating 
pituicytes may have some is closely related to the 
peripheral distribution of growing fibers. 

The present study clarified the developmental 
events of AVP-immunoreactive neurons of the 
mouse HNS. To sum up, the present results show 
that (1) there may be a time lag between the 
withdrawal from mitotic cycle and the initiation of 
peptide synthesis in AVP neurons, that (2) the 
HNS develops rapidly to attain the adult-like pat- 
tern during fetal life, and that (3) the HNS nearly 
attains complete maturity by the time of weaning. 
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ABSTRACT — We investigated the effects of drinking hypertonic saline on expressions of vasopressin 
(AVP) and oxytocin (OXT) genes in neurosecretory neurons of the supraoptic (SON) and the 
paraventricular (PVN) nuclei in rats with the oligonucleotide-mRNA in situ hybridization and the 
immunohistochemical avidin-biotin-peroxidase complex (ABC) methods. Autoradiographic hybridiza- 
tion signals that indicate the localization of AVP mRNA were significantly increased in the SON 4 days 
after the commencement of the sodium loading, while the signal increase in the PVN was less 
conspicuous than that in the SON. Signals fox OXT mRNA in both the SON and the PVN were rapidly 
increased and attained to a peak level by the second day after the onset of sodium loading. In the 
hypothalamic sections adjacent to those used for in situ hybridization, the number of immunoreactive 
(ir) AVP neurons was decreased in the PVN by day 7. The percentage of heavily stained AVP neurons 
to all ir-AVP ones was decreased in the SON by day 7. Changes in the number of ir-OXT neurons and 
the percentage of heavily stained OXT neurons were insignificant. Significant hypertrophy was found in 
both AVP and OXT neurons in the SON and the PVN after day 2. The present results thus indicate that 
the AVP and OXT mRNAs are increased by sodium loading. It is probable that supraoptic AVP 
neurons are more sensitive to changes in extracellular sodium concentration than paraventricular AVP 
neurons, and that OXT neurons have some physiological role in the water and salt metabolism. 


INTRODUCTION 

Arginine vasopressin (AVP) and oxytocin 
(OXT), mammalian neurohypophysial hormones, 
are synthesized in the hypothalamic magnocellular 
neurosecretory neurons, transported mainly to the 
neurohypophysis, and are released into the circula- 
tion. Following a rise in plasma osmolality or 
plasma Na + concentration, the number of action 
potentials in magnocellular AVP neurons and the 
plasma level of AVP were increased [1]. OXT 
release was also stimulated by sodium loading [2- 
4]. OXT could stimulate electrolyte excretion [2]. 
It is possible that OXT is involved in the regulation 

Accepted January 22. 1988 
Received December 18, 1987 

1 Present address: Ocean Research Institute, Universi- 

ty of Tokyo, Minamidai, Nakano-ku, Tokyo 164, 
Japan. 


of water and salt metabolism, although any phys- 
iological significances of OXT for water and salt 
metabolism have not been clarified yet. 

Chronic water deprivation and sodium loading 
elevated amino acid incorporation into the 
neurosecretory neurons [5, 6]. These stimuli fur- 
ther induced cytological changes in these neurons, 
e.g., hypertrophy, an increase in nuclear and nu- 
cleolar diameters, dilation of endoplasmic reticu- 
lum, and an increase in the number of free ribo- 
somes [7]. These data strongly suggest that bio- 
syntheses of the neurohypophysial hormones are 
elevated by water deprivation and sodium loading. 
Nevertheless, the intensity of immunoreactivity, 
especially that in AVP neurons, was decreased by 
these stimuli [8]. An investigation of gene expres- 
sions is thus required for further understanding of 
the biosynthetic activity of AVP and OXT 


neurons. 
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Since an in situ hybridization (ISH) method can 
be an appropriate method for a gene expression 
study, we have developed an ISH method using 
synthetic oligonucleotide probes which can dis- 
criminate the AVP mRNA from the highly homo- 
logous OXT mRNA [9-11]. Several investigators 
including us have now clarified using various hy- 
bridization methods that the AVP mRNA is in- 
creased by sodium loading and water deprivation 
[10-18]. The OXT mRNA is also increased by 
sodium loading and water deprivation [17, 19]. 
However, at present, little information has been 
available concerning the time courses of changes in 
AVP and OXT gene expressions, especially those 
of alterations in cellular and immunocytochemical 
aspects of neurosecretory neurons. Such informa- 
tion is the indispensable requisite for understand- 
ing how AVP and OXT neurons in the supraoptic 
(SON) and paraventricular (PVN) nuclei are in- 
volved in osmoregulation. 

In the present study, changes in the levels of 
AVP and OXT mRNAs in magnocellular neurons 
of the rat hypothalamus were examined after oral 
intake of hypertonic saline for 2 to 7 days with the 
ISH method using synthetic oligonucleotide 
probes. Furthermore, adjacent tissue sections 
were immunohistochemically stained, and staina- 
bility and sizes of single AVP and OXT im- 
munoreactive neurons were determined. Pre- 
liminary results appeared elsewhere [13, 17]. 

MATERIALS AND METHODS 

Animals 

Male Wistar-Imamichi rats (Imamichi Institute 
for Animal Reproduction, 140-160 g) were 
housed in individual cages with 14L: 10D light 
schedule. Animals were allowed free access to tap 
water and standard laboratory chow (Charles Riv- 
er) for at least 3 days prior to the start of the 
experiment. They were then divided into 4 ex- 
perimental groups, each of them included 7 rats, 
and were given orally a 2% sodium chloride solu- 
tion as drinking water for 0, 2, 4 and 7 days prior to 
sacrifice. A preliminary study showed that effects 
of sodium loading on AVP gene expression first 
appeared on the second day of treatment [13]. 


Daily water intakes and urine volumes were mea- 
sured and urine samples were kept at — 20°C to 
determine their osmolality and Na + concentra- 
tion. The animals were killed by decapitation 
between 10: 00 to 12: 00 to avoid possible circadian 
fluctuations in AVP and OXT gene expressions 
[20]. Their hypothalami and pituitaries were im- 
mediately removed and were immersed in a fixa- 
tive solution containing 2% paraformaldehyde, 
1% glutaraldehyde and 1% picric acid in 0.05 M 
phosphate buffer (pH 7.3). At the same time, 
blood was collected and centrifuged. Plasma sam- 
ples were stored at — 20°C. Plasma and urine Na + 
concentrations were measured later with an atomic 
absorption spectrometer (Hitachi 180-50). Their 
osmolality was determined by the freezing point 
method. 

In situ hybridization and quantitation of auto- 
radiographic signals 

The individual tissues were paraffin-sectioned, 
divided into several groups, and were processed 
for in situ hybridization and immunohistochemis- 
try. The precise procedures for tissue preparation 
and ISH were described previously [9]. Two types 
of 22mer synthetic deoxyoligonucleotide probes, 
complementary to the loci of rat mRNAs encoding 
AVP-neurophysin (NP) (1-8) and OXT-NP (1-8), 
were used in this study. For semiquantitative 
expression of hybridization signals, the numbers of 
autoradiographic silver grains in 100 pm X 100 pm 
squares settled in each of the SON and the PVN 
(Fig. 1) were counted. Then the numbers of grains 
in the areas adjacent to the SON and the PVN, 
that is, the background levels, were counted, and 
were subtracted from the corresponding values in 
the SON and the PVN. Thereafter, the single 
cellular numbers of grains were calculated by 
dividing the specific number of silver grains by the 
numbers of immunoreactive neurons within the 
100 pmX 100 pm squares. 

Immuno histochemistry 

The sections adjacent to those used for grain 
counting were immunohistochemically stained by 
the avidin-biotin-peroxidase complex (ABC) 
method, the detailed procedure of which was 
described previously [21]. Specificity tests of im- 
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Fig. 1 . Schematic diagram showing the loci of 100 //mX 
100 jum squares in which autoradiographic signals 
were quantitated. The numbers of silver grains in 
regions 3 (AVP region in the SON), 4 (OXT region 
in the SON), 6 (AVP region in the PVN), and 7 
(OXT region in the PVN) were counted, and then 
the numbers of grains in the adjacent squares (2 and 
5) were subtracted to obtain the specific numbers of 
signals. The numbers of grains in the regions 2 and 
5, which are fibrous neuropil areas, were statistically 
in the same range with that in the anterior hypotha- 
lamic nucleus (AH, 1). OT, optic tract; SCN, 
suprachiasmatic nucleus. 



Fig. 2. AVP immunoreactive (ir) neurons and in situ hybridization of AVP mRNA in the SON of normal (a, b) and 
7-day sodium loaded rats (c, d). Note the density of silver grains over the SON of the sodium loaded rat (d) is 
higher than that in the control rat (b). On the contrary, stainability of ir-AVP neurons in the sodium loaded rat 
(c) is reduced from that in the control rat (a). OT, optic tract. Scale bar, 50 /jm. 
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munohistochemistry were also described previous- 
ly [9, 11]. The ABC method is considered to be 
superior than the peroxidase-antiperoxidase 
(PAP) method for a quantitative study [21]. In this 
study, primary antisera were used as follows: rab- 
bit anti-AVP (UCB-Bioproducts) was diluted 1: 
32,000 with phosphate buffered saline containing 
0.5% BSA (PBS-BSA, pH 7.6) and rabbit anti- 
OXT (a gift from Professor S. Kawashima, 
Hiroshima University) was diluted 1:20,000 with 


PBS-BSA. These values for dilution gave half- 
maximal staining of AVP and OXT neurons in 
normal non-treated rats, and are considered to be 
theoretically appropriate for quantitative immuno- 
histochemistry by an analogy of radioimmunoas- 
say. The values for dilution were determined by 
serial dilution experiments. Submaximally stained 
and faintly stained sections were first selected by 
microscopic observation. By comparison with 
them, the medially stained section was singled out 



Fig. 3. OXT immunoreactive neurons and in situ hyridization of OXT mRNA in the PVN of normal (a, b) and 2-day 
sodium loaded rats (c, d). Note the density of silver grains over the PVN of the sodium loaded rat (d) is higher 
than that in the control rat (b). Scale bar, 50 /um. 


